Endpoints related to tumor progression are commonly used in clinical trials of novel therapeutic agents for neuroendocrine tumors (NETs). Whether improved tumor control translates into improved overall survival (OS), however, is uncertain. We assessed associations between tumor progression endpoints and OS in observational cohorts of patients with advanced neuroendocrine tumors treated with somatostatin analogs or with everolimus. We identified 440 patients with advanced NET who had received treatment with single-agent somatostatin analogs and 109 patients treated with everolimus, all of whom were treated at our institution and were evaluable for both tumor progression and survival. We assessed associations between progression-free survival (PFS) and OS by using the Kendall tau test, and we assessed associations between tumor progression and OS by using a landmark analysis. In the 440 patients treated with somatostatin analogs, we observed a significant correlation between PFS and OS by using the Kendall tau test (0.31; p < .0001). Additionally, the development of progressive disease was associated with OS in a landmark analysis, at landmark times of 6, 12, 18, and 24 months. In the 109 patients treated with everolimus, we similarly observed a significant correlation between PFS and OS by using the Kendall tau test (0.44; p < .0001) and associations between progressive disease and OS by using a landmark analysis at 3, 6, and 12 months. In these observational cohorts of patients with metastatic NET treated with single-agent somatostatin analogs or everolimus, longer times to disease progression and longer PFS were both associated with improved OS. Our findings support the continued use of disease progression endpoints in NET clinical trials. The Oncologist 2017;22:165-172 Implications for Practice: Clinical trials in patients with advanced neuroendocrine tumors have used progression-free survival as a primary endpoint. While there is a general assumption that slowing or halting tumor growth is beneficial, little direct evidence links improvements in progression endpoints to improvements in overall survival. This study assessed associations between tumor progression endpoints and overall survival in observational cohorts of patients with advanced neuroendocrine tumor treated with somatostatin analogs or everolimus. Longer times to disease progression and improved progression-free survival were both associated with improved overall survival. The findings support the continued use of tumor progression endpoints in clinical trials for neuroendocrine tumors.
INTRODUCTION
Although neuroendocrine tumors (NETs) may pursue a clinical course that is more indolent than that of other malignancies, they are almost always fatal in patients who develop advanced, unresectable disease [1, 2] . Several new systemic treatments to control tumor growth in patients with advanced NET have been evaluated in large, randomized studies and have gained widespread use in recent years [3] [4] [5] [6] [7] [8] . These randomized studies have relied on time to tumor progression or progression-free survival (PFS) as a primary endpoint. In part because these studies used progression as a primary endpoint, the effect of new therapeutic agents on overall survival (OS) has been difficult to assess.
The use of PFS as a primary endpoint in clinical trials for advanced NETs was initially recommended in a report from the National Cancer Institute's Neuroendocrine Tumor Clinical Trials Planning Meeting in 2011 [9] . This recommendation was based in large part on feasibility considerations: in particular, a concern that the relatively long OS durations of patients with Gastrointestinal Cancer advanced neuroendocrine tumors would effectively preclude trials of novel agents from being performed using an OS endpoint. Since then, several novel therapies have been approved for use in patients with advanced NET based on their ability to slow tumor progression. The mammalian target of rapamycin (mTOR) inhibitor everolimus and the tyrosine kinase inhibitor sunitinib both improve PFS in pancreatic NET; everolimus was also recently confirmed to improve PFS in nonpancreatic NET [5, 8, 10] . Although these randomized studies clearly demonstrated improvements in PFS, they did not show clear improvements in OS, although the number of deaths in these studies was relatively low at the time of data analysis [4] [5] [6] 8] . Preliminary results of a recent randomized study of peptide-receptor radiotherapy in neuroendocrine tumors suggested a trend toward improved OS, although the number of events at the initial reported analysis was too small to permit definitive conclusions [11] .
Recently, somatostatin analogs (SSAs), which previously were used primarily to treat symptoms of hormone hypersecretion, have been shown to also slow tumor growth. The antitumor effect of a long-acting formulation of octreotide (octreotide LAR) was evaluated in a study that randomly assigned patients with advanced small intestine neuroendocrine tumors to receive treatment with octreotide LAR 30 mg monthly or placebo [12] . Patients receiving octreotide LAR in this study experienced significantly longer time to tumor progression than those receiving placebo. No overall survival benefit was observed in patients receiving octreotide in the PROMID study, although the study was limited in size and the survival analysis was based on a total of only 85 patients [13] . In a more recent study, patients with a broad range of advanced gastroenteropancreatic neuroendocrine tumors were randomly assigned to receive treatment with the SSA lanreotide depot or placebo [3] . This study demonstrated significantly longer PFS in patients receiving lanreotide than in those receiving placebo, leading to U.S. Food and Drug Administration (FDA) approval for this indication. Mature overall survival data from this study are not yet available. In part because of their favorable toxicity profile, SSAs are now commonly used as a first-line treatment to control tumor growth in patients with advanced NET [14] .
Although there is a general assumption that slowing or halting tumor growth is beneficial, relatively little direct evidence clearly links improvements in progression endpoints to improvements in OS in patients with advanced NET. The question of whether PFS improvements are related to improvements in OS is particularly relevant in the case of SSAs, which may be initiated relatively early in a patient's disease course, and which patients may continue to receive for many years. To further assess the extent to which progression endpoints might be associated with OS in patients with advanced neuroendocrine tumors, we investigated potential associations between disease progression, PFS, and OS in a large cohort of neuroendocrine patients treated with single-agent SSAs at our institution and in a smaller cohort of patients receiving treatment with everolimus.
MATERIALS AND METHODS

Study Population
Patients were identified from an institutional database enrolling consecutive neuroendocrine tumor patients between 1995 and 2013. Patients provided informed consent for enrollment into the database at the time of their initial clinic visit. Consent rates for the study exceeded 95%. Of a total of 1,330 patients enrolled, we identified 440 with metastatic NET who had received treatment with single-agent SSA and were evaluable for tumor progression, based on medical record review. We identified a second cohort of 109 patients who had received treatment with everolimus and were also evaluable for progression and survival endpoints. Histologic diagnosis of neuroendocrine tumor was confirmed in the pathology department at Dana-Farber/ Brigham and Women's Cancer Center. Medical information was abstracted from patient questionnaires and the medical record. The study was approved by the Dana-Farber Cancer Institute Institutional Review Board.
Statistical Analysis
For the purposes of this study, progression was defined as evidence of radiologic disease progression (based on clinical or radiology report; Response Evaluation Criteria In Solid Tumors [RECIST] progression was not required) or evidence of clinical progression as documented in the medical record. To further capture progression events that may not have been captured in the medical record, initiation of a new therapy was also considered a progression event. PFS was defined as time from the start of SSA treatment until progression or death, whichever event came first. Patients were censored for progression-free survival at the date of their last available follow-up visit. OS was defined as the time from SSA initiation to the date of death from any cause. Survival data were obtained from the medical record or, if not available, from the Social Security Death Index. Associations between PFS and OS were assessed by using the Kendall tau rank correlation and bootstrap validation [15] . Associations between the development of disease progression and OS were assessed by using a landmark analysis [16] comparing survival from the landmark time for patients who had progressed with that among patients who had not progressed at 6, 12, 18, and 24 months after initiation of treatment with an SSA at 3, 6, and 12 months after initiation of everolimus. Of note, in a landmark analysis, patients who die before the landmark time are excluded from the analysis to avoid confounding. Hazard ratios (HRs) were assessed with a Cox proportional hazards model adjusting for age, gender, tumor differentiation, and tumor origin and postprogression treatments (for OS). Kaplan-Meier estimates were used to calculate median OS durations for patients with progression versus those without progression at each landmark time. Subgroup analyses were performed on the basis of tumor origin, functional status (presence of symptoms of hormone hypersecretion), and elevations in the biomarker chromogranin A (CgA) (defined as two times the upper limit of normal). Differences in subgroups were assessed by using a test for interaction (crossproduct or likelihood ratio test for more than two subgroups).
RESULTS
Characteristics of Patients Receiving Treatment with SSAs
We identified a total of 440 patients with metastatic NETs who had received treatment with single-agent SSA and were evaluable for both progression and survival ( Table 1 ). The median age was 57 years; most patients had well differentiated histology, and approximately half had primary bowel neuroendocrine tumors. Approximately half of the cohort had functional tumors, as defined by the presence of symptoms of hormone hypersecretion; of patients who had functional tumors, 65% had small bowel NET, 24% had other NET (of which 82% were unknown primary), and 11% had panNET. Approximately half of the patient cohort had baseline elevations in the biomarker CgA (defined as above twice the upper limit of normal). Patients initiated treatment between 1995 and 2013; 12% started treatment before 2003. Patients initiated treatment with SSA a median of 3.9 months after being diagnosed with metastatic disease. The median follow-up time for these patients, measured from time of initiation of treatment with SSA was 7.1 years. More than 90% of patients received some form of additional therapy after progression.
During the follow-up period, there were a total of 311 progression events, based on medical record review. These included 147 patients (47%) who were classified as having progressed on the basis of review of radiologic reports, 137 (44%) patients who were classified as having progressed on the basis of initiating of a subsequent treatment, 3 patients who experienced (10%) clinical progression as documented in the chart, and 24 (6%) who had died. The median PFS was 17 months (95% confidence limits [CL], 14, 22 months). There were 215 deaths from the initiation of SSA treatment to the end of the study period. The median OS was 6.4 years (95% CL, 5.9, 8.0 years) ( Table 1) . We additionally evaluated potential prognostic factors for both PFS and OS in our cohort by using multivariate analyses. We found that male gender, tumor origin outside of the small bowel or pancreas, poorly 
Association Between Disease Progression Endpoints and Overall Survival in Patients Receiving Treatment with SSAs
To assess associations between progression-free and overall survival, we used a Kendall tau correlation and bootstrap validation.
As noted previously, the median PFS for the entire patient cohort was 17 months and the median OS was 6.4 years. The calculated Kendall tau correlation between PFS and OS was 0.31 (bootstrap SEM, 0.03; 95% confidence interval [CI], 0.25-0.37; p < .0001), suggesting a statistically significant association between PFS and OS in our cohort.
A limitation of using a Kendall tau correlation to assess associations between PFS and OS is that it does not take into account an inherent association between PFS and OS because deaths included in the assessment of PFS are also included in the OS analysis. A landmark analysis, in contrast, evaluates associations between disease progression and overall survival and eliminates from the analysis patients who die before progression, avoiding this potential confounding effect. We therefore also used a landmark analysis to assess associations between disease progression and OS, evaluating differences in survival between those who progressed and those who did not progress at landmark times of 6, 12, 18, and 24 months from initiation of SSA treatment. The adjusted HRs (aHRs) for death were 1.77, 1.60, and 1.82 for patients whose disease had progressed at 6, 12, and 18 months, respectively, compared with those whose disease had not progressed (p < .05 for all comparisons; Table 2 ). Abbreviations: CL, confidence limits; Prog., progressed; SSA, somatostatin analog.
At 24 months, the aHR was 1.46 (p 5 .06). Kaplan-Meier analyses also showed strong associations between progression and survival at all landmark times (Fig. 1) . For example, the median OS for patients who progressed at 6 months was 3.5 years compared with 7.6 years for those who did not progress (p 5 .0006). At other landmark times, the median OS ranged from 3.7 to 4.1 years for patients who progressed on SSA and from 6.8 to 7.2 years for those who did not. We additionally explored whether associations between disease progression on SSAs and survival differed in patient subgroups. By using 6-month landmark intervals, we evaluated potential differences in associations based on site of tumor origin (supplemental online Table 1), baseline CgA level (supplemental online Table 2 ), and functional status (supplemental online Table 3 ). The association between disease progression on SSA and OS appeared to be somewhat stronger in pancreatic NET, in patients with baseline elevations in CgA, and in patients with functional tumors. However, in most comparisons, these differences were not statistically significant when we performed formal testing for interactions. We did not observe significant differences in progression/OS associations based on age or gender.
Associations Between Disease Progression Endpoints and Overall Survival in Patients Receiving Treatment with Everolimus
To explore whether we would find similar associations between disease progression endpoints and treatment with other agents, we identified 109 patients in our database who had received treatment with the mTOR inhibitor everolimus. Within this cohort, the median age was 55 years; 56 patients were male, 97% had well differentiated tumors, 25% had neuroendocrine tumors of the small intestine, 50% had neuroendocrine tumors of the Ter-Minassian, Zhang, Brooks et al.
pancreas, and 25% had neuroendocrine tumors of other sites. With a median follow-up time of 3.25 years, there were 66 progression events and 62 deaths. The median PFS for patients receiving everolimus was 0.8 years (9.6 months), and the median OS was 3.1 years ( Table 3 ). The calculated Kendall tau correlation between PFS and OS was 0.44 (bootstrap SEM, 0.05; 95% CI, 0.33-0.54; p < .0001), suggesting that, as observed in patients treated with somatostatin analogs, there was a statistically significant association between PFS and OS. Using a landmark analysis, we found that for patients receiving everolimus the aHRs for death were 2.62, 2.33, and 2.82 for patients whose disease had progressed at 3, 6, and 12 months compared with those whose disease had not (p .01 for all comparisons; Table 4 and Fig. 2 ). Given the relatively small sample size, we did not perform subgroup analyses in this cohort.
DISCUSSION
According to recent, randomized trials, somatostatin analogs are increasingly used as a first-line therapy for patients with advanced neuroendocrine tumors [14] . These trials, however, used time to tumor progression or PFS as primary endpoints to demonstrate efficacy, and the extent to which the improvements in disease progression endpoints with somatostatin analogs may translate into improved OS is not known. Our study provides evidence for an association between disease progression endpoints and overall survival in a large, observational cohort of neuroendocrine tumor patients receiving treatment with singleagent somatostatin analogs. OS has historically been the standard endpoint for assessing the benefit of therapeutic interventions in a broad range of malignancies, although is not always a practical or feasible endpoint in clinical trials. PFS has therefore been used as a surrogate endpoint, and in clinical trials of cytotoxic chemotherapy in advanced colorectal cancer, for example, PFS correlated well with OS [7, 17] . In recent years, however, direct associations between PFS and OS have been more difficult to demonstrate. Reasons for this include relatively long postprogression survival durations and the likelihood that patients who progress will receive additional lines of treatment after progression, including crossover to an active treatment arm in clinical trials [18, 19] . In some settings, an association between PFS and OS has nevertheless still been evident: In a meta-analysis of 1,158 patients with renal cell carcinoma receiving molecularly targeted therapies, for example, PFS was clearly associated with OS [20] . In other settings, however, a clear association between PFS and overall survival has not been clearly established. In a large analysis of more than 16,000 patients with metastatic colorectal cancer, many of whom had received newer biologic agents, only a modest correlation between PFS and OS was observed [21] . An FDA-sponsored meta-analysis of more than 12,000 patients receiving therapy in randomized clinical trials for lung cancer performed between 2003 and 2014 found no clear association between PFS and OS [22] . Associations between PFS and OS in recent trials of patients with advanced breast cancer or ovarian cancer have also been inconsistent [10, 23] .
Concerns about long survival durations and postprogression therapy precluding demonstration of potential associations between progression endpoints and OS are particularly relevant in NETs, which often pursue a more indolent course than other malignancies and in which OS durations may extend to several years. Interestingly, however, a recent study, which evaluated associations between disease progression endpoints and OS in patients with NETs, did in fact demonstrate an association between median time to tumor progression and median OS [24] . This analysis included a range of studies and included data from 22 trials comprising more than 2,500 patients. A potential limitation of this study, however, is that the analysis was based on overall trial results rather than analysis of individual patient data. The current study, in contrast, is based on analysis of patientlevel data.
Additionally, the prior study evaluated both large, randomized studies and single-arm studies of novel therapies, many of which had been performed in a late-stage, treatment-refractory setting. The inclusion of late-stage studies may have reduced the influence of postprogression therapy on the PFS/OS association in this cohort. The median OS of 2.5 years reported in this study is in fact similar to the median OS of 3.1 years (from time of treatment initiation) observed in the cohort of patients in our study receiving everolimus, in whom we also observed an association between progression endpoints and OS and who presumably had relatively late-stage disease.
The median OS of 6.4 years observed in our cohort of patients receiving somatostatin analogs, on the other hand, is more consistent with overall survival durations of patients with advanced NET measured from time of diagnosis of metastatic disease [1, 2] . Patients in our study initiated SSA early in the course of their metastatic disease, a median of 3 months after their diagnosis of metastatic disease, and experienced a median progressionfree survival of 1.5 years. Overall survival (6.4 years), measured from time of initiation of SSA, was more than 4 times longer than PFS. Additionally, over 90% of patients in our study received some form of therapy after disease progression. Despite the relatively long postprogression survival duration and the common use of postprogression therapy in this cohort, we observed a clear association between progression endpoints and OS. A clear association between PFS and OS was observed by using the Kendall tau test, and associations between progression status and survival were observed by using a landmark analysis. Somewhat stronger associations were observed in pancreatic NET, patients with elevated CGA, and functional tumors. However, these differences did not reach statistical significance in most analyses. It is possible that the stronger associations between PFS and OS in these subgroups were observed because these subgroups tended to also have shorter survival and therefore less potential for confounding due to postprogression therapy.
The association between PFS and OS observed in our study supports the continued use of PFS as a clinically meaningful endpoint in NET trials, as was originally recommended at a NET Clinical Trials Planning Meeting sponsored by the National Cancer Institute. Our study nevertheless has several limitations. The retrospective nature of this study made precise measurement of PFS challenging; tumor progression was measured by using a composite definition that incorporated not only radiologic progression but also clinical progression and initiation of subsequent therapies, which could have overestimated the number of true progression events. Additionally, we cannot differentiate the potential role of tumor biology versus treatment effect: absent a nontreatment comparator arm in this observational study, we are not able to draw any direct or specific conclusions about the treatment effect of somatostatin analogs or everolimus in this setting [25, 26] .
CONCLUSION
Despite the preceding limitations, by inference our results can be taken to further support the use of SSAs and other therapies associated with a PFS benefit in patients advanced NET. We found that tumor progression endpoints were associated with overall survival in a large, single-institution cohort of patients with advanced neuroendocrine tumors treated with somatostatin analogs and in a second cohort of patients treated with everolimus. The observation of an association between tumor progression and survival in a cohort of neuroendocrine tumor patients treated with somatostatin analogs early in the course of their metastatic disease, nearly all of whom received some form of postprogression treatment, is particularly intriguing. Definitive evidence that specific treatments shown to improve PFS will also improve OS in neuroendocrine tumors, however, will require future analysis of data from large, prospective studies. 
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